Halocins are haloarchaeal equivalents of eubacterial bacteriocins (2) and were first discovered in 1982 by F. RodriguezValera (24) . Although nearly universal in halobacterial rods (17, 32) , only three halocins have been characterized in any detail: halocin H4 from Haloferax mediterranei R4 (15, 16) , halocin H6 from Haloferax gibbonsii Ma2.39 (30, 31) , and halocin HalR1 from Halobacterium sp. strain GN101 (23) . In parallel with antibiotic production in the domain Bacteria (33) , halocins H4, S8, and HalR1 are all initially detected as the cultures leave exponential growth and enter stationary phase (21) . Consequently, we chose halocins, beginning with halocin H4, as models to study stationary-phase gene expression in the haloarchaea.
Isolation of the halH4 gene. Halocin H4 was purified from H. mediterranei R4 (ATCC 33500) culture supernatants essentially as described elsewhere (4, 15) . The amino-terminal sequences of the secreted protein and of two tryptic fragments (numbers 9 and 17 [ Fig. 1]) were used to design inosinecontaining degenerate oligodeoxynucleotide primers. Using these primers, we amplified the 5Ј end of the halocin H4 gene (halH4) by PCR and used the larger product (150 bp) as a probe to recover the gene from an enriched HindIII plasmid library.
The start site of transcription of the halH4 gene was determined by primer extension (26) . Note that the initiator AUG codon is only 4 bases from the 5Ј end of the message (Fig. 1) . Similar leaderless transcripts are produced by other haloarchaeal genes, including bop (7); brp (3); hop (5); and arcA, arcB, and arcC (25) . Inspection of the DNA sequence upstream of the halH4 transcriptional start site reveals a box A haloarchaeal promoter hexamer (Fig. 1 ) that fits the criteria established by Palmer and Daniels (22) . The transcriptional terminator is a perfect 11-base inverted repeat separated by a 16-base interval. The resultant stem-loop structure would be stable (⌬GЊ ϭ Ϫ24.6 kcal) and is similar in design to the transcriptional terminator of the hop gene (5) .
H. mediterranei R4 contains three large plasmids of 490, 320, and 130 kbp, which are identified as pHM 500, 300, and 100, respectively (14) (Fig. 2) . These plasmids were separated from the chromosome by contour-clamped homogeneous electric field (CHEF) gel electrophoresis with a Bio-Rad CHEF-DRIII System (Bio-Rad, Richmond, Calif.) as per the manufacturer's suggestions. Plasmids were separated in a 1% agarose gel (0.5ϫ Tris-borate-EDTA; pH 8.0 [26] ) by varying pulse times between 25 and 45 s for 20 h. A Southern blot probed with the PCR product showed that the halH4 gene is encoded on the pHM300 plasmid. The hybridization signal associated with DNA present in the well is most likely due to the presence of open circular pHM300 that did not enter the gel (10, 14, 18) . The plasmidal location for halocin H4 is not surprising, given that most bacteriocins are plasmid encoded (2) .
Features of the halocin H4 protein.
The halH4 gene encodes a single polypeptide (Fig. 1) . The calculated molecular mass of the secreted (mature) form of halocin H4 is 34.9 kDa, which is approximately 7 kDa larger than the 28 kDa determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15) . The preprotein, complete with a 46-amino-acid signal peptide ( Fig. 1) , has a molecular mass of 39.6 kDa. The use of a signal sequence to transport the halocin out of the cell is in direct contrast to the lysis proteins used by most colicins and the vast majority of other bacteriocins (6) . Bacteriocins from gram-positive bacteria and some colicins do possess cleavable leader peptides, but their method of secretion is novel, since these leader peptides do not conform to typical signal sequences (12) .
The signal sequence for halocin H4 has two unusual features (Fig. 1) . First, the amino-terminal n region is highly charged (ϩ6) and is very long (18 residues). Similar n regions have been found in the signal peptides of a halolysin (13) and of a xylanase from Streptomyces halstedii (27) . Second, the polar c region is atypically long at 14 residues but begins with a glycine residue (residue 33), which is typical in prokaryotes (11) . The hydrophobic h region is typical, and the residues surrounding the cleavage site follow von Heijne's Ϫ3, Ϫ1 rule (34) .
Correlation of halocin H4 activity and halH4 expression. Figure 3 correlates growth phase with halocin H4 activity and halH4 transcript levels. H. mediterranei R4 was grown aerobi-cally at 37ЊC in a shaking water bath at 300 rpm in American Type Culture Collection medium 1176 (1), with yeast extracttryptone (5 g of yeast extract, 8 g of tryptone, 2.5 g of NaCl per liter [19] ) substituted for yeast extract. Halobacterium salinarium NRC817, which was used as an indicator for halocin H4 activity assays, was grown aerobically as described above at 41ЊC in complex medium (28) , with yeast extract (3 g/liter) and tryptone (5 g/liter) substituted for peptone. Activity from culture supernatants (10 l) was quantified on fresh lawns (less than 1 week old) of H. salinarium NRC817 by using serial twofold critical-end-point dilutions to extinction (23) . Activities are reported in arbitrary units (AU) and are defined as the reciprocal of the first dilution at which all trace of inhibitory activity disappears.
Halocin H4 activity was first detected as the culture began its transition into stationary phase (optical density at 600 nm [OD 600 ] ϭ 1.18) and reached its maximal level (128 AU) 8 h later at the midpoint between exponential phase and stationary phase (OD 600 ϭ 4.15); then, within 2 h, the activity rapidly declined to 16 AU. Halocin H4 activity remained at 16 AU for the ensuing 12 h, then increased twofold to 32 AU, and re-FIG. 1. Nucleotide and amino acid sequences of the halH4 gene. Nucleotides are numbered on the right side of the sequence. Amino acid residue numbers are located above the sequence. Halocin H4 is encoded by a 1,080-bp open reading frame that corresponds to a polypeptide of 359 residues. A putative box A promoter hexamer at positions Ϫ27 to Ϫ22 is underlined. Solid arrow, the start site of transcription; italics, signal peptide amino acid sequence; broken arrows, the n, h, and c regions of the signal sequence; thick vertical arrow, cleavage site between the signal sequence and the amino terminus of the secreted (mature) form of halocin H4; underlining, amino acid sequences of the amino terminus, tryptic peptide no. 9, and tryptic peptide no. 17 as determined by amino acid sequencing; boldface, hydrophobic residues from an internal hydrophobic segment of 32 amino acid residues (residues 178 to 209); horizontal arrows under the DNA sequence, the putative transcriptional terminator. A very similar activity profile is seen with colicin V, in which activity reached a maximum during the transition to stationary phase and then decreased precipitously to low levels (29) . RNA extraction and Northern (RNA) blotting have been described previously (28) . The blot shown in the inset to Fig. 3 was probed simultaneously with 32 P-labeled random-primed probes (8) synthesized from a 335-bp internal EcoRV-SalI fragment of the halH4 gene and from an 850-bp SalI fragment containing the 7S gene from H. salinarium (20) . The 7S gene was constitutively transcribed, and its transcript served as an internal control to which halH4 transcript levels were normalized (9) . Transcript levels from the halH4 and 7S genes were quantified with a Storm PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). The phosphor screen was exposed to the blot for 21 h and then scanned at a pixel size of 200 m. A rectangle of fixed area was drawn around each band and around a blank area of the blot for background control, and the background value was subtracted from the signal for each band.
Transcripts from halH4 were first detectable in the three earliest samples from mid-exponential phase (OD 600 ϭ 0.26 to 0.73), representing an average basal level of 0.149 Ϯ 0.004 AU. In contrast, halocin H4 activity was not detectable during this time. Beginning with time point 4 (Fig. 3) , halH4 transcript levels rapidly increased by sixfold over the subsequent 10 h, with a concomitant parallel increase in halocin H4 activity. Transcript levels fluctuated between 0.722 and 1.101 AU (4.8-and 7.4-fold above basal levels, respectively; time points 9 to 12) for the subsequent 8 h and then returned rapidly to an average basal level of 0.171 Ϯ 0.012 AU (average of time points 15 to 18). This type of fluctuation has been seen in transcripts from two other haloarchaeal genes, brp and bat, when their transcripts were at maximal levels as a result of induction by low oxygen tension and high light intensity (28) .
Significance. Halocin genes will serve as a tractable model for isolating ancillary regulatory proteins involved in stationary-phase gene expression outside those needed for the basal transcription apparatus. Expression of halH4 is made even more interesting due to the lack of correlation between halocin H4 activity and halH4 transcript levels at two points. First, transcripts are present during exponential growth but halocin activity is not detected. Second, when transcript levels are at their highest, halocin activity is constant at submaximal levels. These data suggest that the synthesis of halocin H4 is regulated posttranscriptionally, and the elucidation of this posttranscriptional regulatory system will be interesting. Finally, halocins will also provide models for studying at least one type of protein export in the haloarchaea.
Nucleotide sequence accession number. The DNA sequence for the halH4 gene and the protein sequence for halocin H4 have been assigned GenBank accession number U16389.
